The number of overweight children is increasing rapidly, and there is an urgent need to identify the risk factors for obesity, with a view to preventing further increases in prevalence. Experimental studies in animals and preliminary observations in humans suggest that early experience may influence later risk of obesity, but we do not yet understand the extent to which early influences affect individual vulnerability to risk factors acting later in life. In the developed world, few studies have examined whether current variations in maternal diet have long-term effects on children's body composition. Rapid postnatal growth is associated with greater adiposity, but the role of variations in infant diet and the mechanisms involved are not understood, and there may be interactive effects of early diet and growth rate on body composition. Familial concordance in obesity prevalence suggests that the shared food environment is of key importance. Early life may be a time when dietary practices are established that will continue throughout childhood. Further research is needed to gain insight into the evolution of dietary habits in childhood and to determine how these practices influence obesity risk.
Introduction
During the past two decades the prevalence of overweight in children has risen dramatically, such that 10% of school-age children worldwide are currently estimated to be either overweight or obese. 1 Although the prevalence of overweight is higher in economically developed regions, where it is arguably becoming the primary childhood health problem, 2 it is rising significantly in most parts of the world. 1 Apart from the increased likelihood of these overweight children remaining overweight in adolescence and in adult life, 3, 4 there are direct consequences of being overweight in childhood that are now being seen. 1 For example, the emergence of type 2 diabetes in adolescence, accounting for more than a third of diabetes in some ethnic groups studied, 5 has been attributed largely to the paediatric obesity epidemic. 2 Being an overweight child may also have consequences for psychological well-being. 6 When compared with children of normal weight, overweight children have been shown to have lower health-related quality of life, 7 and educational and social outcomes of overweight adolescents are poorer. 8, 9 Thus the long-term costs of the increasing prevalence of overweight and obesity in childhood cannot be considered simply in terms of the individual burden on health, but will also have societal and economic implications.
Influences on the development of childhood overweight
The development of overweight depends on a mismatch of energy intake to energy need over a prolonged period. Although twin studies show clear concordance in parent and child body mass index (BMI), 10, 11 indicating the importance of the genetic contribution to the regulation of body weight, estimates of the heritability of obesity vary widely. 12 The current rate of change in the prevalence of overweight and obesity in childhood together with differing rates of obesity observed among genetically similar adult populations living in different settings 1 show that irrespective of the exact estimate of heritability, that environmental factors make a major contribution to the development of obesity. Clearly, understanding the role of these factors in the aetiology of overweight and obesity in childhood will be a key part of developing preventative strategies in the future. Much of our current understanding of environmental risk factors for childhood obesity is based on cross-sectional comparisons that provide limited information on causation. There is, however, some consistency across these studies, and important influences of diet and activity patterns have been identified. 1, 13 Energy intakes are higher in children who consume 'fast' foods 14 and sugar-sweetened drinks, 15 and are positively associated with portion size. 16 Some crosssectional studies have shown an increased risk of childhood obesity is associated with more frequent consumption of snack foods, 17 and with diets with a high percentage of fat.
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Risk is also associated with low levels of physical activity, 1, 13 and a greater number of hours spent in sedentary activities, particularly watching television. 1, 13, 19 To identify the causative influences that are evident before the development of overweight, and to address the relative importance of different periods in the life course in the risk of becoming overweight or obese in later childhood, longitudinal datasets are needed that are of sufficient size to take account of confounding factors. In a population of 8234 children aged 7 years, Reilly et al.
20 examined the role of 25 possible risk factors in early life on the development of obesity. Parental obesity, high birth weight, rapid early weight gain and early adiposity rebound were each associated with an increased risk of obesity in later childhood, and consistent with the findings of cross-sectional studies, there were graded effects of hours spent watching television on risk of becoming obese. These findings have been confirmed in a recent study 21 in which maternal obesity, high birth weight, rapid early weight gain and hours of television watched were all independently associated with the risk of overweight and obesity in later childhood. Systematic reviews have also linked rapid weight gain in infancy with later obesity. 22 The longitudinal studies highlight the role of early environment in the aetiology of childhood overweight and obesity. There is now a substantive literature that shows programmed changes in physiology and function are caused by variations in early environmentFparticularly variations in early nutrition. 23 Poor growth in intrauterine and early postnatal life, which is associated with an increased risk of development of cardiovascular disease and type 2 diabetes in adulthood, may condition the responsiveness to adverse influences acting in adult life. For example, in a study of men born in Finland, low income was associated with increased rates of coronary heart disease but only among men who were thin at birth. 24 Little is known about the role of early experience in influencing individual responsiveness to risk factors for obesity. Although we recognize that individuals differ in their ability to regulate energy balance, 25, 26 we do not yet understand the extent to which an individual's regulatory capacity may be influenced by factors operating in early life. This review focuses on the evidence that variations in diet and early feeding practice can influence the risk of development of overweight and obesity in later life.
Maternal diet and nutritional status in pregnancy and adiposity in the offspring
There is a good evidence that variations in fetal growth are linked to differences in body composition in childhood, 27 but we currently know little about the roles of maternal diet and nutritional status, and in particular, the extent to which quantitative and/or qualitative variations in diet in pregnancy influence later body composition of the offspring.
Manipulation of maternal diet and nutritional status: experimental findings
Experimental models in which maternal diet is altered in pregnancy are commonly based on dietary restrictionF either in the amount of food given 28 or in intake of specific nutrients. 29 A number of studies show that offspring born to energy-restricted mothers develop a relatively greater adipose tissue mass than control offspring in later life. Prenatal protein restriction, however, may be more strongly related to adipose tissue distribution than adiposity in the offspring. 29 Fewer studies have addressed the role of overnutrition in pregnancy, but feeding 'cafeteria' diets, 30 and high-fat 31 and high-protein 32 diets in pregnancy have all been associated with greater adiposity in the offspring. Depending on the experimental model, the development of obesity may or may not depend on the offspring being challenged with high-energy diets in postnatal life. 29, 33 These experimental studies provide clear evidence that different types of dietary manipulation in pregnancy can cause programmed changes that alter body composition and adiposity in the offspring. Proposed mechanisms include alterations to appetite regulation resulting in hyperphagia, and an increased preference for high-fat 34 or other energydense foods. 30 Leptin treatment of neonatal rats born to energy-restricted mothers has been shown to prevent the development of excess adiposity, even when the rats were provided with a high-fat diet in postnatal life, 35 which is consistent with programmed changes in appetite regulation caused by prenatal undernutrition. Intriguingly, there are also effects of maternal dietary manipulation on energy expenditure in the offspring, such that lower activity levels and total energy expenditure have been observed in offspring born to restricted mothers. 32, 33 Although the experimental findings are essential to demonstrate the potential for variations in maternal diet to cause programmed changes in offspring's body composition, and they provide opportunities to explore the mechanisms that underlie these effects, it may be difficult to extrapolate to the human situation. In particular, the wide variety of dietary manipulations that each result in changed adiposity in the offspring make it challenging to determine the aspects of diet that may be important in the human context.
Variations in women's diets and nutritional status
Despite these clear demonstrations of programmed changes in offspring adiposity in experimental models, we know little about how variations in maternal diet and nutritional status in humans affect body composition in postnatal life. Evidence from the Dutch Hunger Winter 36 and from chronically undernourished populations 37 suggest that undernutrition in pregnancy is associated with greater adiposity and changed adipose tissue distribution in the children, but we know little about links between current variations in women's diets in pregnancy in developed settings, and body composition of their offspring. There is a growing body of evidence that suggests that overnutrition may be of greater concern in western populations. Studies in normal weight pregnant women show that maternal BMI is a stronger determinant of birth weight and neonatal fat mass than is paternal BMI, 38 and a greater maternal BMI has also been shown to be associated with adiposity in the child. 39 It is not known, however, whether this is a direct effect of differences in energy status. Some insight may be provided by the study of women who have poor glycemic control in pregnancy, who are at increased risk of having a large-for-gestational age baby with greater adiposity. 40 A recent follow-up study of 9439 women with normal glucose tolerance at initial screening found that increasing maternal glycemia was associated with a greater risk of obesity in the children, even among children of normal birth weight. 41 Importantly, among those who fulfilled criteria for gestational diabetes, the relationship between maternal glycemia and offspring obesity was lost if the mother received treatment. This is consistent with the finding that a high glycemic index diet in pregnancy is associated with higher plasma glucose and glycosylated haemoglobin levels, 42 and with a higher prevalence of large-for-gestational age, and greater adiposity in the offspring at birth. 43 In a small follow-up of infants born to women who were allocated to a low or high glycemic index diet in pregnancy, large-for-gestational age was associated with greater weight in the offspring at 22 months, but maternal diet group in pregnancy was not predictive of offspring size at this age. 44 The long-term effects of diets of differing glycemic index in pregnancy on body composition in the offspring have not yet been described. Of all the experimental models used to date, the 'cafeteria' diet based on cakes, biscuits, potato crisps, marshmallows, cheese and chocolate bars 30 may be most relevant to current variations described in women's diets in the United Kingdom. For example in a study of 6125 women in Southampton, the most important pattern of diet was characterized by high consumption of fruit and vegetables, wholemeal bread, rice and pasta ('prudent') or by high consumption of chips, white bread, red and processed meat, full-fat dairy products, crisps, sweets, cakes and biscuits, sugar and soft drinks ('imprudent'). 45 There are two intervention studies that have addressed how a prudent pattern of diet influences pregnancy outcome. In a study of Norwegian women who were encouraged to adopt a diet based on low-fat meats and dairy products, whole grains, fruit, vegetables and fish, maternal lipid levels were reduced and there was a reduction in preterm delivery. 46 There was no change in birth weight, but body composition at birth was not assessed. However, in a recent Finnish study, there was a reduction in neonatal macrosomia in women who had individual counselling on diet to increase vegetable, fruit and fibre intakes in pregnancy to prevent excessive weight gain. 47 The long-term consequences of adopting a 'healthy' or prudent diet in pregnancy on the body composition of the offspring are yet to be determined. Without further data, it is difficult to define whether there are common pathways in the human and experimental studies that link variations in maternal nutrition in pregnancy with body composition in the offspring.
Postnatal diet and the development of adiposity
When compared with the limited evidence linking maternal nutrition in pregnancy with body composition of the offspring, more is known about the role of variations in postnatal diet in humans and later obesity. The significance of postnatal dietary variations may be difficult to interpret without the knowledge of prenatal experience though, and experimental studies using animal models allow examination of the separate roles of prenatal and postnatal nutrition on later body composition, as well as a consideration of their combined influences.
Manipulation of offspring's postnatal diet: experimental findings
The studies of McCance 48 that were performed four decades ago provided evidence that permanent changes in body composition could arise as a result of variations in early postnatal nutrition. By manipulating litter size at birth, rats can be overfed or underfed during the period of lactation. The overfeeding of rats raised in small litters promoted early growth, and compared with rats raised in large litters, achieved adult size was greater. Overfeeding after the period of lactation did not have this effect, suggesting that there is a critical period within which the plane of postnatal nutrition programmes growth and body composition. Rats raised in small litters have subsequently been shown to develop hyperphagia and greater adiposity. 49 Many of the more recent experimental studies have manipulated the macronutrient balance of the postnatal diet, often in combination with prenatal dietary treatments. High-fat diets and 'cafeteria' feeding after weaning promote rapid weight gain and adiposity, 30, 33 but high protein feeding has not been shown to affect body composition. 32 Early feeding practice and childhood obesity SM Robinson and KM Godfrey
There may be different routes to obesity arising from dietary manipulation in the prenatal or postnatal periods. Using a combination of energy restriction prenatally and high-fat feeding postnatally in a rat model, Thompson et al. 50 have shown significant differences in offspring's body composition. BMI was greater in rats fed a high-fat diet after weaning, but the effect was most marked in those fed a high-fat diet that were born to energy-restricted dams. Both prenatal energy restriction and high-fat feeding postnatally led to obesity in the offspring but by different mechanisms. For example, high-fat feeding postnatally was not associated with changes in insulin secretion, whereas prenatal energy restriction was associated with greater insulin secretion and action in the offspring. This combined pattern of maternal energy restriction and high-energy diets in postnatal life may have implications for populations in nutritional transition, although the differences in maturity of rats and humans at birth make it difficult to determine clear inferences about the importance of timing and the nature of postnatal dietary influences.
Variations in the infant diet: findings from human studies
In human populations, a number of studies have examined the link between the type and duration of milk feeding in infancy and risk of obesity at later ages. Breast-feeding has been associated with a lower BMI in later life. 51 However, this inverse association is not evident in all studies and the effects on mean BMI tend to be small. A protective influence of breast-feeding is more evident when considering overweight and obesity, [52] [53] [54] and an inverse dose-response relationship with longer duration of breast-feeding described in some studies 54 adds weight to the evidence that type and duration of milk feeding in infancy could play a significant role in the development of later obesity. Although there may be issues of residual confounding, as the choice to breast-feed in developed settings may be associated with less obesogenic family characteristics, 55,56 a recent study showed that fat mass assessed using dual-energy X-ray absorptiometry at the age of 9-10 years was inversely related to the duration of breast-feeding, and that this association although attenuated, was robust to adjustment for a range of confounding factors. 56 The mechanisms that underlie the relationship between variations in milk feeding in infancy and childhood obesity have yet to be elucidated. One possibility is that there are differences in appetite control, and that infants who are breast-fed learn to regulate their energy intake and to recognize satiety signals more effectively than infants who are fed formula milk. Consistent with this possibility is the observation that breast-fed infants grow more slowly than formula-fed infants in early infancy. 57 In addition, preterm infants fed on human milk have lower leptin levels in adolescence than formula-fed infants. 58 A second possible explanation is that the protective effect of breast milk is due to its composition. When compared with formula milk, it has a higher content of a range of bioactive constituents 59 and lower content of protein and some other nutrients.
There is a particular interest in the role of protein intake in infancy in the programming of body composition, arising from effects on insulin and insulin-like growth factor secretion. 60 A third possibility is that rapid growth in early infancy may itself play a role in the programming of later obesity, 22, 61 although recent data suggest that breast-feeding for at least 4 months can attenuate the effects of rapid infant growth on adiposity at the age of 2 years.
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The postweaning diets of breast-fed and formula-fed infants may also differ, 63 but few studies have considered the influence of diet in later infancy on childhood body composition. There is some evidence that the macronutrient balance of the infant diet may be important, and higher protein intakes in late infancy have been associated with greater adiposity in later childhood. 60, 64 A recent follow-up of children in the DONALD study has shown that animal protein intakes (especially dairy protein) at 12 months of age were related to the percentage of body fat at 7 years, but there was no association between vegetable protein intake and adiposity. 65 Early introduction of solid foods has not been consistently linked to adiposity in childhood. 20, 66 When comparing the animal evidence and human studies, the most consistent finding is the relationship between accelerated weight gain in the early postnatal period and later adiposity. In this respect, the recently described interactions between infant growth rate and diet may represent an important development in our understanding of the role of postnatal nutrition in determining adiposity in childhood. 62 
Shared environment and dietary habits
Part of the concordance in parental and child body composition is explained by a shared environment, including shared dietary habits. 67, 68 Since there is growing evidence of tracking of dietary patterns in infancy and early childhood, 68, 69 feeding practice in early life may be important not only because of its potential for developmental influences on later body composition, but also because food habits that predispose to later adiposity may become established at this time. In the ALSPAC cohort, a 'junk food' pattern of diet at 3 years was predictive of obesity at the age of 7 years, although this effect was attenuated by adjusting for other influences. 20 The evolution of dietary patterns in early childhood and their relationship with later body composition needs further investigation.
Conclusion
Rates of obesity are increasing rapidly in children, and there is an urgent need to identify the early risk factors for the development of obesity, with a view preventing any further increase in prevalence. Consistent with this, a recent UK government report has identified the implementation of early life intervention programmes as one of the key policy options that are likely to have the greatest impact on obesity. 70 We are starting to understand the influences of early experience on later risk of becoming obese, but need to develop this further to address the extent to which influences in early life may affect individual vulnerability to environmental risk factors for obesity. There is currently good experimental evidence that manipulation of maternal diet in pregnancy in animal models can change obesity risk in the offspring, through effects on appetite control in postnatal life, but as yet there is little evidence in humans that current variations in maternal diet among women in developed settings have long-term effects on child's body composition. There is consistent evidence linking rapid postnatal growth with adiposity in later life in humans and in animalsFalthough the role of variations in postnatal diet and the mechanisms involved are not understood, and we need to improve our understanding of the interactive effects of early diet and rate of growth on the development of body composition. Finally, familial concordance in rates of obesity suggests that the shared food environment is of key importance. Since early life may be a time when dietary practices are established that will continue throughout childhood, there is a need to understand the evolution of dietary habits in early life and to determine how these practices influence obesity risk.
